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Pyrotechnics 


The secrets behind dazzling fireworks displays are yielding 


to scientific 


nooping. Similar principles are at work in 


devices ranging from the space shuttle to safety matches 


distant, muffled *whoomp” re- 
A sounds, and a trail of yellow. 
orange sparks tumbles into 
the night sky, culminating in a circu 
lar burst of brilliant blue and green 
streaks. Another explosion shoots out 
a ragged arc of red streamers, followed. 
by a shower of white and gold sparks 
A third firework produces a staccato 
barrage of bright flashes of white light 
and thunderous noise 
These effects have been a familiar 
part of major celebrations for centw: 
Hes, For most of that time, the design 
and composition of fireworks was a 
raft, not a science. Only in recent 
decades have researchers begun to un- 
ravel the physical processes that un- 
derlie the production of dramatic col: 
ors and special effects. As a result of 
these investigations, a true discipline 
of pyrotechnics~ the "science of fire” 
has emerged. Pyrotechnics embraces 
‘hot only fireworks but a whole range of 
devices that use similar materials, in 
cluding hazard flares, safety matches 
and even the solid-fuel rocket boosters 
of the space shuttle 
‘One of the oldest pyrotechnic com 
positions, black powder, serves as both 
the propellant and explosive charge in 
modern firework shells, The Chinese 
developed black powder (the original 
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gunpowder) more than 1,000 years ago 
for use in crude missiles and firec 

ers. Awareness of black powder 
eled west during the Middle Ages. The 
English monk Roger Bacon disclosed a 
formula for the explosive mixture in 
1242 as part of his defense against ac 
cusations of witchcraft, He considered 
it such a dangerous material that he 
wrote about it in code. As the formu: 
la became more widely known, black 
powder revolutionized quarrying and 
construction. Weapons such as mus: 
kets and cannons, developed during 
the 14th century, exploited black pow: 
der as a propellant. 

The basic formula for black powder 
has persisted essentially unchanged 
throughout the centuries: an intimate 
blend of potassium nitrate (commo 
ly known as saltpeter), charcoal and 
sulfur in a 75:15:10 ratio by weight. 
It may in fact be the only chemical 
product that 1s produced today using 
the same ingredients, the same pro- 
portions and the same manufacturing 
process as were used in the time of 
‘Columbus. This constancy reflects the 
fact that black powder is a nearly ideal 
pyrotechnic subs 
abundant, inex; 
mentally safe 


e. It consists of 
ensive chemicals 1 
ontoxic and environ: 
The mixture is $0 stable 
that it can be stored for decades with- 
out deteriorating, if kept dry. Black 
powder is easily ignited by means of 
a moderate jolt of energy, su 
‘spark or a small burning fuse 
Historically, only a handful of fami 
lies have dominated the fireworks in- 
dustry in the West. Details such as 
chemical recipes and mixing proce 
dures were cloaked in secrecy and 
passed down from one generation to 
the next. Families remain an important 
force in the industry. In the US, for in 
stance, there are the Gruccis of Bell 
port, NY., the Zambellis of New Castle 
Pa., the Rozzis of Loveland, Ohio, and 
the Souzas of Rialto, Calif. One effect 
of familial secretiveness is that, until 
recent decades, basic pyrotechnic re 


search was rarely performed, and even 
when it was, the results were not gen- 
erally reported in scientific journals 


is not unlike normal combustion. A 

pyrotechnic composition contains 
aan oxygen source (oxidizer) and a re 
ducing agent (fuel). They 
separate, solid chemicals that must 
be physically mixed together, When 
heat is applied, an electron-transfer, or 
oxidation-reduction (redox), reaction 
takes place 

Atoms in the fu 
oms in the oxidl 


I 1 principle, the pyrotechnic process 


lose electrons to 
iver. In the process 


the fuel atoms bond to the oxygen 
atoms that are liberated from the oxi- 
dizer and form stable reaction prod: 
ucts. The new chemical bonds are more 
stable, and so energy is released in the 
form of heat; the same process occurs 
in combustion, In combustion, howe: 
er, the oxygen comes from the alr. In a 
pyrotechnic mixture the oxygen is self 

ontained, and the beat is much more 
closely confined. 

As long as a pyrotechnic mixture re 
mains cool and dry, itis generally quite 
stable. A solid mixture experiences 
only a very slow surface reaction con: 
trolled by diffusion. When the compost- 
tion is ignited, it begins to liquefy and 
vaporize in the resulting pyrotechnic 
flame, and the f 
ly intermingle, This proximity leads te 
faster chemical reactions and, in turn, 
still more rapid energy release 

Pyrotechnics makes use of a varie 
ty of fuels, Many mixtures incorporate 
organic (carbon-containing) materials, 
such as charcoal (used in fireworks and 
gunpowder) or sugar (in smoke gre 
nades). Other common fuels include 
nonmetallic elements, such as sulfur, 
silicon and boron. Silicon and boron re- 
lease a large amount of energy when 
oxidized, and they do not produce 


in the process. They are used in delay 
fuses to ignite other compositions at 2 
desired time. Chemically active metal 
fuels—most often aluminum, magn 
sium and titanium—burn at high tem- 
peratures and emit bright light. They 
came into use in the 19th century and 
dramatically improved the brilliance of 
pyrotechnic explosions. 

The spectacular splashes of light 
produced by fireworks are the most fa 
mous pyrotechnic phenomenon. The 
color of the light depends on its wave- 
length. Visible light consists of electro- 
magnetic radiation having wavelengths 
berween 380 and 780 nanometers (a 
‘nanometer is one billionth of a met 
The longest visible rays appear red, the 
shortest, violet. A glowing object ap- 
pears white if it radiates throughout 
the visible spectrum, If most of the 
light is emitted in a narrow portion of 
the spectrum, it takes on the color of 
that portion. 

Pyrotechnic compositions emit light 
by three basic processes: incandescence 
(blackbody radiation), atomic emission, 
and moles incandescenice 
‘occurs when solid or liquid particles in 
the pyrotechnic flame are heated to 
2 high temperature. The hot particles 
emit a broad spectrum of radiation as 


they attempt to shed their excess en: 
ergy. The higher the temperature, the 
shorter the wavelength at which’ the 
‘most radiation is emitted. The intensity 
of the emission is proportional to the 
fourth power of the flame temperature 
so a moderate increase in temperature 

drastically brightens the flame 
White-light flares contain a reactive 
metal, such as magnesium, as a fuel. 
Solid metal oxide particles, created 
When the fuel is oxidized, are heated to 
more than 3,000 degrees Celsius; at 
andescent 


of potassi 
um perchlorate and fine aluminum or 
magnesiut 

ful explosic 


powder produces a power: 
along with a burst of 


SPLENDOR OF FIREWORKS bursts forth, 
in this photograph taken of New York 
Harbor during the centennial celebra 
tion of the Statue of Liberty. Crude fire 
works have existed for more than a mil: 
Jennium, but vivid coloremitting com: 
pounds were not developed until the 
19th century. Firework compositions 
were often closely held family secrets; 
‘only in recent decades have researchers 
begun to decipher the chemical proc: 
esses behind the flashes and booms 
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ppelling the shell from a launch tube. 
Atime delay fuse sets off a bursting, 
charge after the shell is far above 
the ground. he charge activates. 
pellets (stars) of light emitting com 
pounds. American European-style 
shells contain a random mixture of 
stars and bursting charge (top left) 


that are joined by time delay fuses 

(eft). The loud bang that traditional: 

Iyends a firework fs produced by | 
‘aluminum 


white light. Such “photoflash” or “flash 
{and sound” compositions have a wide 
range of uses, from firecrackers 10 spe- 
‘ial effects for rock concerts to bursts 
of light for nighttime photography. 
These compositions produce the bright 
flash that traditionally: terminates a 
firework explosion. 

Larger metal particles retain their 
heat longer than powders and can con 
tinue to burn by drawing on the axy 
‘gen in the ai, They create white sparks 
rather than an instantancous flash. The 
bigger the particles, the longer the 
sparks last, Charcoal and iron particles 
do not become as hot as active metal 
particles—only about 1,500 degrees 
Cand so they produce dimmer, gold- 
colored sparks. 

‘The brilliant colors seen in modern 
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fireworks displays are generated either 
by atoms or by molecules present in a 
\apor form in the pyrotechnic flame. In 
the former case, the heat of the fame 
excites an electron in an atom and 
Dumps from its normal, ground state 
Corbital to a higher-energy ane. The elec 
‘ron rapidly returns to its ground state 
and emits the excess energy as a pho- 
ton (a single particle, or unit, of radia- 
tion) of a specific wavelength. 

Sodium is one of the most potent 
atomic light emitters. Sodium atoms 
heated above 1,800 degrees C give 
off yellow-orange light having a wave- 
length of 589 nanometers. The process 
fs so efficent that it tends 10 over- 
\whelm any other atomic or molecular 
light sources in a pyrotechnic flame. 
Fxen small amounts of sodium-<on- 


taining impunities can ruin efforts to 
produce a flame of any other color. 

In other applications, sodium’s pro- 
digious light emission can be helpful. 
Sodutn nitrate oxidizer combined with 
magnesium metal fuel is the principal 
composition used by the US. military 
to illuminate nighttime operations. The 
magnesium is oxidized by the sod 
tum nitrate when the mixture is igni 
‘ed; the resulting hot magnesium oxide 
particles shine with a white incandes- 
cent glow. High temperatures. (3,600 
degrees C) in the magnesium flame 
also broaden the range of wavelengths 
‘emitted by the sodium atoms, The re- 
sult isan intense white light. 

As with atomic emission, molecular 
emission involves a transition from a 
ground state to an excited one. The 
molecule must be in gascous form tn 
the pyrotechnic flame, and it must be 
heated to a temperature high enough 
to reach the excited state that causes it 
to radiate. Ifthe flame ts too hot, how- 
ever, the molecule disintegrates into its 
constituent atoms and no light ts emit: 
ted, Moreover, the molecules must be 
sufficiently concentrated in the flame 
to generate intensely colored light, but 
the production of solid or liquid parti- 
cles must be kept to a minimum be- 
cause they give off incandescent radia 
tion that washes out the color. 


standing, colors were generated in 
fareworks by a trial-and-error proc- 
G5. Over the past several decades 
‘ernard E. Douda and Henry A. Web- 
ster Ill of the Naval Weapons Support 
Center tn Crane, tnd,, and David R. 
Dilletay of the Longhorn Division of 
the Thiokol Corporation in Marshall, 
Tex., have conducted research that has 
helped Identify the principal colored 
cemitters in. pyrotechnics. Takeo Shi 
‘mizu of the Koa Fireworks Company in 
Japan also has contributed to this area. 
A few groups of molecules are re- 
sponsible for nearly’ all the colors in 
fireworks. Compounds of the element 
strontium produce the reds: strontium 
hhydrexide (SrOH) and strontium chlo- 
sade (SCI) emit red light at wavelengths 
between 605 and 682 nanometers. Mok 
ecules containing barium create the 
sreens. Barium chloride (BaCl), for in- 
Stance, emits green light at wavelengths 
between 507 and 532 nanometers 
These molecules are so fragile that 
they are unstable at room tempera 
ture; consequently, they cannot be 
packed directiy into a firework. Instead 
they are synthesized in rapid reactions 
{in the flame. Manufacturers add such 
23 chlorinated rubber, poly 
winyl chloride (a chlorine-containing 


| Peer 


plastic) of perchlorate or chlorate ox: 

Idizers (containing a chlorine atom 

and four oF three atoms of oxygen 
sctively). These compounds deco 


¢ at high temperatu 


ere 
rich blue flame is perhaps the ulti 

mate challenge to the pyrotechnician. 

The best blue emitter yet id 

-opper chloride (CuCl 

the elevated temperatures needed to 


SHAPES AND COLORS of firework bursts reflect the type of 
hell and the composition of the stars. A ragged spray 
Of light Is the signature of an American European shell (top 
left), Round, Nlower-shaped explosions result from the aptly 


nse light in fireworks. If 
erature exceeds that 


produce 
the fl 

nal m 

disintegrate rapid: 

Distinctly blue fireworks therefore 

ol over 

relative pro nd particle 
necessary chemicals. T 


precise co 


same holds t 
colors, th 
nlonde fof 


copper chlo 
T pay close a to flame colors 
when I view a fireworks display: if a de 


cent blue color appears, { am always 
Impressed and curious to know wha 
chemical mixture was used 
Color-generating compounds com: 
the appropriate fuels and 
cudizers can prod 
© their co 
ination of strontium 
‘hich emits red light) and alu: 
minum granules (which provide the 
sparks). These i 
Juels, binders and 


lent are mixed 
an oxidizer to 
create a thick slurry; wires are dipped 


into the slurry and allowed to harden 


‘named chrysanthemum shell (top righh. Multiple-burst shells 
or volleys of singleburst shells can produce dramatic ef 
fects by incorporating a Variety of pyrotechnic compositions 
that emit different colors and sounds when ignited (bottom). 
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FIREWORKS GLOW by incandescent, atomic, and molecular copper, barium and strontium produce blue, green and red 
emission. The color depends on where the emission falls on colors, respectively (middiet. These unstable molecules are 
the visible spectrum (opi. Atoms and molecules become created only briefly in the hot flame. Aluminum or mag: 
‘excited at the high temperatures in a pyrotechnic flame and nesium particles appear as white-hot incandescent sparks 
release their excess energy as light. Atomic sodium is an in- when ignited: iron or charcoal particles do not become $0 

nse yellow-orange emitter, Fragile compounds containing hot and therefore radiate dimmer, gold-tinged light (bottom. 


rwate sparklers. Another strontium — of the stars, the res vary from a from exploding as soon as the pin is 
ompotind, strontiarn nitta id quick flash’ to an extended trail. The pulled and the lever released. Decoy 
«l wwith potassium perchlorate ‘an trail may even change color ifthe stars compositions have been developed 10 
dizer and chlorine source) and various in more than ane layer of color — protect aircraft from enemy heat-seek 
cls ta ereate the distinctive red glows producing compasiti ing missiles. These compositions emit 
adtside hazard fl Americ on- infrared radiation that emulates. the 
The structure of a firework 1s also bartments, each with thermal signature of a Jet engine 
an intricate brew of craft and engin pursting charge and stars (or Heat production ts often associated 
ing, There are two kinds of firework ind powder!, When one with the emission of smoke and gas. 
hells," Cylindrical American-Lurope- com plod: nites a Colored smoke grenades, used for si 
n-style shells, typically. sev ime-delay fuse that leads to the next and for daytime displays, con 
centimeters inv dhamieter, are pmpartment, In this wa),a single shell tain a mixture of potassium chlorate 
rom metal, cardboard or pl an produce multiple bursts. Incredi- oxidizer and sugar fuel that, when act 
ar tubes. \ portion of black 5 bly, the protective barriers that sepa- vated, vaporizes arganic dyes to create 
he bottom of the shell is ignited, rate the explos ments area richly hued smoke cloud, Sugar is 
which propels the tube a few hund bricated from nothing more exotic used because it burns at a low temper 
meters into the air. A time-delay fuse than cardboard ature; a hotter flame would disinte 
begins burning when the shell ts si grate the dyes 
off; some seconds later, when the shell dition to light, pyrotechnics is Solid-fuel rockets are in essence 
is far above the ground, a bui exploited for duction ant pyrotechnic devices: designed to 
harge of black powder breaks the at. The best-known heat-gener- optimize gas production, Each space 
shell open and ignites pellets mtechnic—the safety match tle booster rocket contains half a 
mposition (called stars), which are i contains an energetic blend of potassi- million kilograms of a propellant con: 
iyularly packed into the shell. The um chlorate axidizer and sulfur, along, sisting of energetic pulverized. alu 
tars are expelled in a rai rrern a gluelike fuel and binder inum fuel and ammonium perchlo- 
OF light and color. This type of firework Calcium sili mixed with iron rate oxidizer; the mixture also includes 
may also contain si cs of oxide generates a moderate a special fuel and binder called poly 


lash-and-sound r than heat but no gas. During World War ll butadiene-acrylic acid-acrylonitrile ter 
stars and @ burstin Such at small pyrotechnic devices containing polymer (PBAN). When axidized, PRAN 
shell, called a salute, produces a flash this composition and a fuse were built releases copious quantities of carbon 
ight and a loud boom instead of ai fof rations so th monoxide and carbon dioxide gas and 
burst of colors. be warmed sence steam that help loft the shuttle into 
Round Japanese-style chrysanthe  Time-delay mixtures, usually pressed space. Ammonium perchlorate is well 


suited for this 
decomposition pr 


mum shells are similar i 
Ameriean-European shells, and they, silk 


plication because its 


bo, ate launched from mortar tubes. In of bh and so it enhances the rockets’ Thrust. 
fhrysanthemum shells the stars are tha "as generation on a smaller scale 
arranged ina sphere about @ central Sui reates the whistle effect heard in 
lack-possder bursting charge. When tin some fireworks. Compositions contain: 
the charge explodes, i agrutes the dew ing potassium perchlorate oxidizer and 
merous stars and distnbutes them ina an organic acid salt (such as sodium 
round, symmetric pattern. De salicylate—a chemical cousin of asp 


in} burn one layer at a time and emit 


gas in spurts. When such composition 
are pressed into narrow tubes, 
rapid pulses of escaping gas 
whistling sound. 

The most appropriate application for 
@ particular pyrotechnic mixture is 
argely determined by the reachvity of 
its oxidizer and its fuel. The reactivity 
of the fuel is closely related to the 
ount of energy (heat of combustion 
liberated when it combines with axy 
gen. Metals release large amounts of 
energy when oxidized; sugar releases 
relatively little, Charcoal and natural 


materials such as red gum—a tree se 
retion—produce the moderate heat 
needed to activate the color producing 


compounds in a firework. 
The reactivity of an oxidizer depends 
fon two main factors: decompositi 
temperature and heat of decompost 
tion. At decomposition temperature 
the oxidizer be 
significant rate 


ns to release crxygen al 
Heat of decompost 


on, as the term implies, is the amount 
of heat required to decompose the oxi 
dizer n order to release the oxyg 


This amount can be positive (endoth 
sorbs heat, or negative (exothe 
‘which case it generates heat 
Potassium chlorate deca 
low 360 degrees C and is exothermic; it 
is used in smoke grenades and house- 
hold matches because it 
and easily activated, At 


h case decomposition ab- 


treme, iron oxide decomposes at near: 
ly 1,500 degrees C and is strongly 
endothermic. It can be activated only 


by an energetic metallic fuel such as 
aluminum, 


ackaging and the homogeneity of 
a pyrotechnic mixture also affect 
5 reaction rate. As every maker 
of a pipe bomb knows, cont 
p the pyrotec 
entrating heat and bot 
as near the reaction site. A mixture 
open can explode violen 
n general, the greater the ho 
of the fuel and oxidizer, the f 
burning rate 
Once, while conducting a sem 
[was asked why liquids are not wide 
ly used as pyrotechnics, since they 
should mix more thoroughly and so 
produce more reactive compositions 
than solids. The answer, | realized, is 
that liquids intermingle too well. Liquid 
itions would be extremely ho 


nogeneity 


com 
mogeneous and therefore hig] 
tive and sensitive to ignition. Liquids 


also could settle out during 
thereby upsetting the chemical balance 
Early versions of dynamite, which con: 
sisted of porous materials (such as 


Jycerin, A fess familar, but increasingly in 
terial of thi 
he active component in autor 


ciples underlyin 


similar. Nitrogive we history of the pyrotechnics 
disturbas abroad, 1 filled with tra 
instan dents that have occurred du 
83, Improving. 
talled understandin 
result is a nition begins when energy {rod 


HOUSEHOLD MATCH is specialized pyrotechnic device. A reaction between 
potassium chlorate axidizer In the match and red phosphorus in the striker pro 
duces a flame that ignites the mixture of potassium chlorate and gluelike fuel 
in the match head. All the pyrotechnic effects—heat, smoke, ght, gas and 
sound are present. Some early matches were lit by dipping a potassium chlo 
rate composition in sulfuric acid. The combination of sulfur and potassium chlo 
rate is so sensitive to ignition that mixtures of the two were outlawed in Eng: 
land in 1875. Use of potassium chlorate is also restricted in fireworks in the US. 


‘some source~a flame, friction. impact, 
spark, elevated temperature or even la- 
ser beam—breaks the chemical bonds 
ina pyrotechnic mixture. As a result, 
more stable bonds are formed and en: 
ergy is released. If the energy ts ade- 
‘quate to activate the next layer of the 
mixture, the reaction continues: if the 
energy is absorbed by the surrounding. 
material or is insufficient to activate 
the next layer, the reaction dies out. 
Fred L. Melntyre and his co-workers. 
at the John C. Stennis Space Center's 
Hazard Test Range in Mississippi have 
analyzed a series of pyrotechnic com: 
positions to determine how sensitive 
cach {s to ignition by various energy 
sources. These studies demonstrated 
that critical factors controlling sensiti 
ity are the amount of heat generated by 


the reaction and the ignition tempera: 
ture—the minimum temperature nec 
‘essary to induce a rapid, self-propagat 
ing reaction. Ignition sensitivity is also 
affected by the particle size of the chem 
ical components and by the grain size 
of the blended composition; fine grains 
ignite more readily than large ones. 
Ease of ignition by fnction depends on 
the presence of abrasive materials in 
the mixture. Adding a lubricant, such 
as wax, can significantly reduce the 
likelihood of friction-induced ignition. 
Safety is also important for the users 
of pyrotechnics—often children cele 
brating Independence Day, Bastille Day. 
Gay Fawkes Day, New Year's or oth: 
‘er holidays traditionally accompanied 
by fireworks. In 1976 the US. Consumn- 
er Product Safety Commission enacted 


CELEBRATIONS have made use of fireworks for centuries A chromolithograph 
of the opening in 1883 of the Brooklyn Bridge spanning the East River record- 
ed a particularly imaginative display (top). The bridge's centennial was greeted 
by another dazzling demonstration of pyrotechnic art (bottom). The 1983 dis: 
play was arranged by the Gruccis, a major fireworks-producing family in the US. 
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strict federal standards for consumer 
fireworks. The European Community 
nations have a wide range of safety 
standards that they are attempting 10 
Incorporate into a single code as part 
of their legal and economic unification. 


ere is no question—based on nu: 
merous conversations I have had 

with researchers in many fields, 
that many science careers were stimu- 
lated by early experiments in pyrotect 
nics, The need to come up with a quick 
explanation to parents concerning a 
basement filled with smoke from a su 
cessful experiment probably has also 
sparked more than a few legal careers. 
The family-business nature of the 
civilian pyrotechnics industry and the 
classified nature of much defense-re- 
lated work have made academic train- 
ing in the eld difficult to acquire, The 
‘only academic pyrotechnics courses tn 
the US. that I am aware of are sever- 
al annual, one-week seminars at W 
ington College in Maryland, taught by 
several colleagues and me. Fortunate- 

Jy, a number of organizations activ 
ly encourage treating pyrotechnics as 
4 science and publish research in the 
field, These groups include the Interna: 
tional Pyrotechnics Society and the 
more amateuroriented Pyrotechnics 
Guild International. An occ 


articles on current work. 

The most active suppo the 
civilian industry continues to be the 
viewing public. Since 1976 the annual 
consumption of fireworks in the US. by 
private individuals for family and 
neighborhood celebrations has dou 
bled. The centuries-old tradition of fire 
works displays is still fascinating, de 
spite competition from rock concerts, 
music videos and other eyedazzling 
and car filling forms of entertainment 
Evidently modern technology has yet 
to find a match for the excitement one 
feels when the work of a master py 
rotechniclan explodes in the night sky 
with a clap of thunder and a brilliant 
shower of color. 
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